The latest publications regarding the development of technology to control inclusion compositions focusing on MgO · Al 2 O 3 spinel inclusions were summarized in this review article. The problems caused by spinel inclusions, which affect practice as well as products were shown. The formation mechanism of MgO · Al 2 O 3 spinel inclusions is secondly explained thermodynamically from the view points of chemistries of molten steels and slag compositions. Furthermore, crystallization behaviour of spinel was introduced. Countermeasures conducted in practices and laboratories were shown along with some problems still left that should be solved in the future.
Introduction
The demand of improved steel quality has been increasing year by year in terms of various view points such as strength, toughness, elongation, fatigue property, corrosion resistance, cleanliness, surface finishing and so on. It can be recognized that, among the requirements stated above, improvement in cleanliness, mentioned in this review, has been recently progressed considerably. Steelmakers have been always making great efforts to produce clean steels minimizing population of inclusions by decreasing oxygen content. It is generally known, however, that inclusion compositions strongly depend on the variation of oxygen content in conjunction with slag chemistry. The control of inclusion compositions, in which behaviour of alumina inclusions was dominated, was significantly advanced in the field of refining carbon steels as summarized by Zhang and Thomas. 1) In their review, the mechanism of defect formation and nozzle clogging attributed to alumina cluster was comprehensively explained.
On the other hand, in specialty steels typified by stainless steels, MgO · Al 2 O 3 spinel inclusions have harmful effect not only on practice but on products also. 2) Spinel is quite similar to alumina in characteristics including relatively high melting temperature and high hardness. Further, spinel has potential causes of nozzle clogging as well as of defects in products. Therefore, a lot of tasks have been dedicated for extensive investigations to clarify how spinel is formed thermodynamically, coagulated each other to become cluster and crystallized from aluminosilicate inclusions. Efforts were of course made to prevent or avoid spinel inclusions to stabilise the operation and improve the steel quality with various ways.
Historically, the earliest findings were documented in 1980's, 3, 4) in one of which MgO-Al 2 O 3 inclusions were observed in 301 stainless steel (Fe-17wt%Cr-7wt%Ni) melt in a 50 ton ladle for VOD (vacuum oxygen decarburization) furnace. 3) In fact, most of studies were carried out with respect to molten stainless steels. Substantially, it is considered that stainless steels have potential with this type of inclusions because stainless steels are typically melted in an EAF (electric arc furnace) followed by refined by means of AOD (argon oxygen decarburization) and/or VOD converters that are lined by the refractory containing MgO owing to the slag chemistry of CaO-SiO 2 system. Dolomite of MgO-CaO, magnesia-chrome of MgO-Cr 2 O 3 and magnesia-carbon of MgO-C are usually lined not only for the refractory of both AOD vessels and subsequent ladles after tap but also ladles for VOD. Ladles treated in LF (ladle furnace) are also lined with the same material usually. In fact, efforts were made to decrease oxygen content as low as possible to achieve high cleanliness along with the common use of MgO-bearing bricks. It was considered to be natural, as a result, that inclusions containing MgO were formed after the operation of Cr recovery by adding deoxidants such as ferrosilicon alloys or aluminium.
Another earliest study showed that MgO-Al 2 O 3 spinel crystal was precipitated in a silicate inclusion in silicon killed steel containing high C of 0.6-0.75 wt% for thin wire rods. 4) They reported that because the precipitated spinel did not have deformability when hot-rolled, it resulted in large inclusions. High C steels also have potential cause of spinel inclusions owing to the reaction of carbon and MgO in slag to generate soluble Mg and CO gas.
This review summarizes the latest publications regarding the development of technology to control inclusion compositions focusing on MgO · Al 2 O 3 spinel inclusions. The progress in research as for this topic made in universities
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Joo Hyun PARK 1) and Hidekazu TODOROKI 2) and steel industries is worth documented particularly during the last two decades. This review aims at demonstrating what have been carried out to solve problems taking the following matters into account. To begin with the problems caused by spinel inclusions, which affect practice as well as for products, some examples of defects and clogged immersion nozzles for CC (continuous casting machine) are shown. The formation mechanism of MgO · Al 2 O 3 spinel inclusions is secondly explained thermodynamically from the view points of chemistries of molten steels and slag compositions. Most recent progress of the basic studies is summarised which provide thermodynamic data of standard free energy changes of the reactions relating to MgO · Al 2 O 3 spinel formation. As well, the interaction coefficients recently measured are shown that enable to obtain activities of dissolved elements that compose spinel. To predict the formation behavior of spinel, activities of oxides in relation to spinel formation are also so important that the data related are shown. Furthermore crystallization behaviour of spinel is introduced. Countermeasures conducted in practice are shown along with some problems still left that should be solved in the future. Figure 1 shows the macro-and microscopic views of a sliver-like defect appeared on the cold sheet of 430 stainless steel (Fe-16wt%Cr) deoxidised by aluminium. 5) Quantitative analysis by EPMA showed that the oxide particle was composed of 34 wt% MgO and 66 wt% Al 2 O 3 . Referring to the corresponding phase diagram, 6) spinel forms solid solution with relatively wide region. MgO content takes ranging from 6.5 to 39 wt% at 2 000°C at which the region of the solid solution is the widest. Thus the oxide particles dispersed inside the defect could be identified as MgO · Al 2 O 3 inclusions. From the microscopic view, each inclusion appears to have morphology of cluster originally in the slab. Another case of so called swollen defect appeared on a deeply drawn product is provided in Fig.  2(a) . A cross-sectional observation ( Fig. 2(b) ) tells us that the size of defect is 1 mm in width existing at 0.1 mm in depth. Obvious are MgO · Al 2 O 3 inclusions existing inside the defect shown in element distribution as shown in Fig. 2(c) .
Problems Attributed to Spinel Inclusions

Products
Typical examples of relatively large inclusion, whose original sizes were over 100 mm, have been shown here. When the steels are applied for some parts of electronic devices, the quality level is severer. Ten micrometers in size is of problem for such usages so that hard inclusions which can not be elongated when hot-rolled must be avoided.
Practice
Some researchers pointed out that spinel inclusions tended to adhere on the inner wall of CC immersion nozzles. [7] [8] [9] This behaviour is quite similar to alumina inclusions usually formed in practices of ultra low carbon steels. A larger number of observations and experiments were performed in this field than the spinel cases. [10] [11] [12] [13] [14] [15] [16] Therefore it can be said that the investigations regarding clogging behaviour of alumina inclusions are even more advanced than that of spinel inclusions.
Observation of nozzles after cast has been seldom reported so far in the case of spinel build-up. Observation result by one of the authors is shown in Fig. 3 where porous oxides are adhered on the nozzle wall. 7, 8) Figure 4 shows the SEM image of the accretion in contact with nozzle refractory of alumina-graphite. One can see a boundary layer in between the accretion and the nozzle. In addition, the accretion of molten steel side is made of porous oxides and metal droplets. As seen in Fig. 5(a) , the boundary layer consists of mainly alumina which should be the same as so-called network alumina. According to the previous researches, 10, 13, 14) this should be formed as a result of the reaction of oxidising gases of CO and SiO evolved inside nozzle against Al contained in molten steel. The oxidising gases are considered to be generated from the internal reaction between a small amount of silica and graphite in the nozzle material. Oxide particles in the accretion are identified to be spinel as recognised in Fig. 5(b) . This may imply that during casting spinel inclusions involved in molten steel should be adhered on the network alumina through sintering mechanism. It was reported that the accretion thickness was as heavy as one had to occasionally give up casting operations before pouring all the molten steel into a mould. 7, 8) Further, it was pointed out that dispersed inclusions observed inside defects were originated from accretion on the inner wall of nozzles. 2, 5) If the accretion detaches from the nozzle wall due to molten steel flow, it flows into a mould and is entrapped by solidified shell to result in the formation of inclusion defects such as shown in Fig. 1 .
As explained above, the problems attributed to spinel inclusions are so significant. In the following sections, formation mechanisms proposed by various researchers are documented.
Formation Mechanism of Spinel Inclusions
Publications are summarised in which the formation mechanisms are stated as listed in Table 1 The reason why the studies regarding spinel inclusions began later than alumina might be attributed to the fact that Mg was not intentionally added while Al was more or less added into steel. Therefore researchers took a lot of tasks to clarify how Mg was supplied into molten steel with conducting experiments. Formation mechanisms so far proposed are classified into two types; one is the formation route of singular spinel consisting only of MgO · Al 2 O 3 and the other is crystallisation that takes place on the solidification path of aluminosilicate droplets whose primary phase is spinel, as shown in Fig.  6(a) and Fig. 6(b) , respectively. It appears that this fact of two mechanisms related also has made spinel studies delayed much.
Formation of Singular MgO · Al 2 O 3 Inclusion
This type is considered as inclusions of which equilib- rium is maintained between molten steel and inclusion. Figure 7 shows the proposed mechanism commonly mentioned in these studies. 9, Soluble Mg is supplied from the slag phase and refractory material according to the following reactions. Comparing each other, the reaction by MgO in molten slag is more dominant because of faster diffusion of MgO and Al 2 O 3 than in refractory that is solid phase. One can not ignore the following reaction of MgO dissolution from refractory to slag phase. In stainless steels refining, MgO-bearing refractory is usually employed because of slag chemistry. This is one of the reasons why spinel inclusions are often observed in stainless steels. Besides, the following reaction is recognized to take place in high C steels for bearing steels etc. along with the reactions of (1) and (2). The above reactions are the simplest case where alumina is the inclusions primarily formed when steels are deoxidised by Al. When the steels are killed by silicon that allows silicate inclusions to be formed, the reaction is more complicated. Silicate inclusions usually consist of CaOSiO 2 -MgO-Al 2 O 3 system occasionally with a small amount of MnO and Cr 2 O 3 . Major reaction should be considered as follows.
MgO and Al 2 O 3 are gradually concentrated with the above reactions of Eqs. (7) and (8) instead of Eq. (6). Consequently, the inclusions are considered to change to spinel. The authors would point out that behaviour of Ca should be cleared in the future because it is still under discussion.
In order for inclusions to change to spinel, two points should be noted in this mechanism; one is the source of aluminium and the other is activities of oxides in slag. Obviously Al thrown into molten steels is the source in the case of Al deoxidation. When steels are killed with silicon, impurities such as aluminum contained in Fe-Si alloys, used as deoxidant, are responsible for the formation. It is known that around 1 wt% of Al and Ca each are usually contained in Fe-Si alloys. Al in Fe-Si alloy also plays a roll to reduce MgO in slag phase to supply Mg into molten steel. This mechanism was confirmed experimentally by the present authors. 23, 24, 32) It should be noticed here that inclusion change proceeds until spinel because both Mg and Al contents fall into the region where spinel is the most stable. One can predict the region where spinel forms depending on alloy compositions. Most of thermochemical data are compiled in the two classical references. 40, 41) It should be noted that great efforts have been recently dedicated to the investigations to reveal standard free energy changes of the reactions and interaction coefficients in relation to spinel formation. These data are summarised in Table 2 and Table 3 . Reactions in relation to CaO also are listed in Tables because Ca sometimes is associated when spinel inclusions are accounted for.
Assuming that local equilibrium between the inclusions and the molten steel is maintained, a diagram for Fe-18wt%Cr-8wt%Ni can be obtained as shown in Fig.  8 . 28) The validity of the assumption was proved by Okuyama who experimentally revealed that the reactions between inclusions and steel were fast enough. 22) It can be seen that the experimental results are well positioned in the spinel region demonstrating that the employed thermodynamic data are available enough. Here, the way how to calculate the diagram is explained.
The following reaction was considered to calculate the MgO/MgO · Al 2 O 3 boundary. 4MgO (s)ϩ2Al _ϭMgO · Al 2 O 3 (s)ϩ3Mg _ ........... (9) In this example, the equilibrium constant of the above reaction was obtained by the combination of the studies of Refs. 40), 44) and 52) listed in Table 2 The standard states of the oxides are taken as pure solids in Eqs. (9) and (12) . By combining Eqs. (10), (11) and (13) to (16) with the interaction coefficients listed in Table  3 , 40, 47, [55] [56] [57] [58] the chemical compositions and the activity of each oxide in equilibrium, the phase boundaries can be obtained. The interaction coefficients used in this calculation are the ones of Refs. 40), 47), and 55) to 58) where they are underlined. Here oxygen content determined by Al in equilibrium with Al 2 O 3 in the slag was substituted. The detail is documented in the original paper. 28) It should be noticed that a recent study conducted by Fujii et al. 53) [wt%Mg]
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33 09 50 880 ϭϪ ϩ Al 2 O 3 in the solid solution region (Fig. 9) As mentioned above, the mechanism how singular spinel inclusions form has been clarified. In addition, the prediction by melt compositions has been made possible thanks to the recent great progress in the investigations to have thermodynamic data which include standard free energy changes and interaction coefficients relevant to Mg, Al and O.
Formation of Spinel Crystal in Aluminosilicate
Liquid Inclusion As listed in Table 1 , a number of researchers observed the inclusions with spinel surrounded by aluminosilicate type oxide melt whose typical picture is shown in Fig. 6(b) . As can be understood, the investigations of this type also started at the almost same time as singular spinel inclusions.
The formation mechanism of which is illustrated in Fig.  10 is believed to be as follows. At first, slag entrainment takes place in an AOD converter due to its vigorous stirring by Ar gas after Cr reduction. 17, 18, 26, [34] [35] [36] [37] For stainless steel 26, 36, 37) stated that this tendency is enhanced with a decrease in temperature. Similar tendency is reported by the other researcher.
71) The source of Al in Eq. (17) is not only approximately 1 wt% of Al contained in ferrosilicon alloys but bricks containing alumina also. 36, 37) If alumina content exceeds the critical condition of the formation of spinel, they precipitate in aluminosilicate inclusions. The critical condition can be estimated thermodynamically by the following reaction. When one refers to the data by Rein and Chipman, 52) a Al 2 O 3 ϫa MgO Ͼ0.14 is obtained at 1 873 K. Actually this condition corresponds to the region where primary spinel crystals precipitate in the phase diagram. This implies that crystallization of spinel is possible if an increase of alumina content is as large as the above condition is attained.
Countermeasures for Prevention of Spinel Inclusion
Use of Ceramic Filter in Tundish
Various methodologies have been applied to reduce the spinel inclusions in stainless steel industries. The ceramic filter made of alumina and MSZ (MgO stabilized zirconia) was tested in tundish during continuous casting of 304 and 321 (Fe-18wt%Cr-9wt%Ni-0.3wt%Ti) billets and showed a decrease in the content of inclusions (mainly spinel) by about 20 %.
72)
Direct or Indirect Use of Calcium
Calcium which had generally been used for the modification of alumina inclusion was added to 316Ti (Fe17wt%Cr-10wt%Ni-2wt%Mo-0.3wt%Ti) melt during last stage of LF operation. 73) However, this plant trials did not show a remarkable modification of inclusions; that is ladle samples indicated that Ca made little difference to the composition or morphology of spinel inclusions. This could originate from the fact that spinel phase had a cubic crystal structure and thus very stable at high temperatures. The similar discussion was already presented by Kor. 74) The modification of MgO-Al 2 O 3 spinel with calcium, Eq. (19) , was expected to be less effective than the modification of pure alumina, Eq. (20) . Because the activity of alumina in the spinel phase is less than unity, the driving force for Eq. (19) to proceed to the right is less than that for Eq. (20) . The activity of Al 2 O 3 , MgO, and MgAl 2 O 4 in the spinel solid solution at 1 873 K is shown in Fig. 9 . 53) Because the effect of Ca on the stability of inclusions in the stainless steel melts are significantly meaningful not only in theoretical analysis but also in practical operations, in this review, a phase stability diagram of the inclusions in the Fe-18wt%Cr-8wt%Ni (304) melt containing Al and Mg at 1 873 K is newly calculated with an aid of computational thermochemical software package, FactSage TM 6.1.
75)
As shown in Fig. 11(a) , three solid phases, viz. monoxide (MgO), spinel (mainly MgAl 2 O 4 ), and corundum (Al 2 O 3 ) are in equilibrium with molten steel in the content range of Al from 1 ppm to 1 wt% and Mg from 0.1 to 100 ppm. It is note worthy that the spinel phase is stable irrespective of Al concentration when Mg content is in order of several ppm. However, with the existence of Ca in the steel at most 2 ppm, the stability of spinel significantly decreases and that of liquid inclusion dramatically increases as shown in Fig. 11(b) . Therefore, the liquid inclusion could be obtained in the content of Al greater than about 10 ppm and Mg content less than about 3 ppm. It is of an interest that very small amount of Ca strongly affects the phase boundary between spinel and alumina, indicating that solid alumina is changed to liquid calcium aluminate phase. This tendency is exactly reproducible in case of molten iron as shown in Fig. 12 . The very similar results were also reported by Pistorius et al. 76) for LCAK steel and by Kang et al. 77) for tool steel (Fe-5wt%Cr-1wt%Mo-1wt%V). As described earlier, it was newly found that MgO · Al 2 O 3 spinel has an adherence tendency to the submerged nozzle stronger than that of MgO due to enhanced sintering ability. [7] [8] [9] Therefore, one can choose one of the following countermeasures from the stability diagrams. First, increase in the content of Mg in molten steel greater than about 10 ppm irrespective of Al level. Second, use of several ppm Ca for the formation of liquid inclusions rather than spinel.
Indirect supply of calcium via slag phase in order to change the morphology and composition of spinel inclusions have been reported. 23, 27) When the highly basic slag such as CaO-Al 2 O 3 -10wt%MgO-21wt%CaF 2 (C/Aϭ6.4) was equilibrated with molten 304 stainless steel deoxidized with Al, alumina clusters were formed immediately after the addition of Al. Simultaneously, the reduction of MgO and CaO by Al occurred to supply soluble Mg and Ca into Figure 13 illustrates the reactions that are described above. However, when the silica is incorporated into the slag phase, the above remedy could not be effective at the ladle refining stage. The silica could be picked up in ladle slag due to carry-over of an AOD slag after tapping. The existence of about 10 wt% SiO 2 in the CaO-Al 2 O 3 -9wt%MgO-20wt%CaF 2 (C/Aϭ6.2) slag was considered to prevent the consecutive reduction of MgO or CaO in the slag by Al to supply soluble Mg or Ca into molten 304 steel (Fig. 13) . 28) Thus, the consecutive evolution reaction from MgO · Al 2 O 3 to MgO or liquid CaO-Al 2 O 3 -MgO inclusion was not occurred. This result indicated that silica pick up in ladle slag should be controlled as low as possible. Also, Al content should be controlled to moderate range to modify inclusions to be MgO or liquid calcium aluminates.
Reduce Basicity (C/S, C/A Ratio) and Content of Al 2 O 3 and MgO in Slag
The systematic approaches for the operational variables on the formation behaviour of spinel inclusions in stainless steel melts was presented by industrial researchers. Kim et al. 18) found that the spinel phase was primarily crystallized in aluminosilicate inclusion which was slag droplet suspended in steel melt during cooling of 304 melt through the AOD to CC processes. It was recommended that aluminum content in molten steel and MgO content in AOD slag should be lowered to reduce the spinel phase in the inclusions. The similar finding was presented by Hojo et al. 17) However, the contents of MgO and Al 2 O 3 in AOD slag was indicated as dominant factors affecting the formation of spinel phase in slag-type suspended inclusions.
Both of these plant trials were carried out under Si deoxidation and thus the content of alumina in the inclusions was initially very low and relatively close to that of AOD slag. Generally, the ratio of CaO to SiO 2 in AOD inclusion is lower than that of AOD slag when the steel melt was deoxidized by silicon. 37) However, the concentration of alumina continuously increases as the steel melt was transferred from AOD converter to continuous casting tundish or mold. Unfortunately, however, the reason why increased the alumina content in the inclusions during steelmaking and casting processes was not clearly explained at that time, viz. the middle of 1990's. Therefore, the authors recommended that just low content of aluminum in molten steel and low content of MgO and Al 2 O 3 in AOD slag were important to suppress the formation of spinel phase in the suspended slagtype inclusions. However, it was not disclosed how we could maintain low level of aluminum in molten steel through the whole steelmaking processes. The evolution of inclusion morphology was experimentally investigated in Fe-42wt%Ni alloy melt deoxidized by silicon and manganese. 20) Schematic illustration of inclusion morphology change is shown in Fig. 14. An increase in the Al 2 O 3 content of MnO-SiO 2 deoxidation products was observed with time. As the result, MnO-SiO 2 -Al 2 O 3 ductile inclusions could be formed, which was originated from the reduction (or decomposition) of Al 2 O 3 in slag phase (Eq. (21)) and the reaction between Al and the inclusions. An increasing amount of MgO in the inclusions was also observed simultaneously in that process, which resulting in the formation of MgO · Al 2 O 3 spinel phase. Here, it was presumed that transportation of Mg from top slag to inclusions would be occurred as the result of the following reaction.
2(MgO) in slag ϩSi _ϭ(SiO 2 ) in slag ϩ2Mg _ ............ (22) It is note worthy that the reduction of MgO and Al 2 O 3 in top slag phase by Si deoxidizer is enhanced when the activity of silica in the slag would be significantly low as in the case of ladle refining processes.
The same experimental methodology was employed to investigate the formation behaviour of spinel inclusions in 304 melt deoxidized by aluminum.
21) The content of MgO in the inclusions was gradually increased with reaction time and the maximum content of MgO was affected by C/S ratio of top slag. The more basic slag of the C/S ratio from 1.2 to 2.4 was covered, the greater the content of MgO in the inclusions from about 2 to 15 wt% was observed. Also the spinel inclusions were formed in case of high C/S ratio of slag. The origin of magnesium in the inclusions was presumed to be dissociation (or reduction) of MgO in top slag based on the local equilibrium concept between slag-metal and metal-inclusion systems as given in Eq. (1). Based on © 2010 ISIJ these studies on the late of 1990's, the phenomena of the increase in the content of aluminum and magnesium in molten steel and thus in the inclusions during steel refining processes could be unveiled.
Hence, the transportation of magnesium from slag to metal is believed to take place when thermodynamic conditions for the reaction mentioned above (Eq. (1)) are satisfied. However, the kinetics of this process had been still unknown until Okuyama et al. 22) proposed the following mechanism. Based on the two film model and the fundamental concept proposed by Nishi and Shinme, it was found that the rate determining step of the MgO reduction reaction by Al in 430 melt was the mass transfer of Mg through the boundary layer in steel side. The rate of Mg diffusion in molten steel was strongly affected by slag composition, viz. by increasing CaO/SiO 2 or CaO/Al 2 O 3 ratio of top slag, Mg transfer increased because of an increase in the activity of MgO in the slag. The change of average MgO content in the Al 2 O 3 inclusions readily formed after Al deoxidation was calculated by the model and showed a good correspondence to the measured results as shown in Fig. 15 .
The activity of MgO and Al 2 O 3 in top slag directly affects the composition of inclusions. For 430 stainless steel, the mole ratio of MgO to Al 2 O 3 in the inclusions, log(X MgO / X Al 2 O 3 ) inclusion , linearly decreases by decreasing the activity ratio of MgO to Al 2 O 3 , log(a MgO /a Al 2 O 3 ) slag , of top slag. 30) The very similar results are also observed by Jiang et al. 39) for Cr-containing high strength structural steel. Therefore, if one uses a highly basic slag in which the activity of MgO is greater than that of Al 2 O 3 as likely as CaO-, MgO-, and CaO-MgO dual saturation conditions, the MgO-rich magnesium aluminate solid solution, e.g. MgO-MgAl 2 O 4 , is formed as shown in Fig. 16 .
Because the addition of titanium is widely used for the stabilization of carbon and nitrogen that are deleterious to steel properties such as corrosion resistance and formability, the effect of Ti on the formation of MgO · Al 2 O 3 spinel inclusions is very important in view of product quality as well as productivity and cost in plant operations. Fujimura et al. 78) observed that the complex oxide inclusions were formed in Ti (0.15 wt%) added 16 wt% Cr ferritic stainless steel. It was proposed that the liquid Al-Mg-Ti-O inclusion is primarily formed after Ti addition, followed by the crystallization of spinel and the nucleation of TiN in consecutive order. The phase diagram of the MgO-Al 2 O 3 -TiO x system which was calculated by FactSage TM 6.1 at 1 873 K and p O 2 ϭ10 Ϫ13 atm and the composition of inclusions according to the C/S ratio of top slag are shown in Fig.  17 .
38) The phase diagram of this ternary system is in good accordance to those calculated by several computational methodologies. [78] [79] [80] When the highly basic (C/SϾ1.7) slag is in equilibrium with molten steel, the inclusions are mainly 'spinelϩliquid' oxides, whereas fully liquid inclusions are mainly obtained when the relatively acidic (C/SϽ1.7) slag is covered. The observed morphology of the inclusions in each case is shown in Fig. 18 . The activity ratio of Al 2 O 3 to TiO 2 in the slag significantly affects the formation behaviour of spinel as shown in Fig. 19 . Thus, the activity of Al 2 O 3 should be controlled to be lower than that of TiO 2 in the slag.
Use of FeSi(AlCa) or Al-free FeSi Alloys for Si
Deoxidation An alternative countermeasure was raised by one of the authors.
23) The effect of several types of ferrosilicon (FeSi) alloys containing small amounts of Al (0.02-3.5 wt%) and Ca (ϳ1.7 wt%) shown in Table 4 on the formation behav- Reproduced with permission from ISIJ, Tokyo, Japan, 2010. iour of spinel inclusions in 304 melt was investigated. Even though FeSi alloys are mainly added to deoxidize molten steel, the impurity aluminum in FeSi alloys enables the reduction of MgO in the slag to transfer Mg from slag to metal phase. 9, 32) It was obvious that MgO · Al 2 O 3 inclusions formed when steel was deoxidized with FeSi alloys containing impurity Al over 0.5 wt% as shown in Fig. 20(b) . Consequently, the use of FeSi alloys containing Al and Ca or high purity alloys with no impurity was recommended to form harmless CaO-SiO 2 -Al 2 O 3 -MgO (Fig. 20(c) ) or MnOSiO 2 ( Fig. 20(a) ) silicate-type inclusions, respectively.
Use of MgO-bearing Refractory Lining in Ladle
The refractory materials also affect the formation behaviour of inclusions in stainless steel melts. Based on the experimental results using MgO and Al 2 O 3 crucibles as a container of ferritic stainless steel (430), the pickup of Al from top slag to molten steel in equilibrium with magnesia refractory was lower than that with alumina refractory. 29) This is because of the lower activity of Al 2 O 3 in the MgOsaturated slags than in Al 2 O 3 -saturated slags. Thus, the use of magnesia or dolomite refractory for ladle lining or at least at the slag line would be helpful to keep Al level in the melt low during the secondary refining process. 9) According to these results, it is considered that the effect of Al pickup from Al 2 O 3 -saturated slags on spinel formation is more significant than Mg from MgO-saturated slags.
Minimize Melt Reoxidation in Conjunction with
Low Al Content In industrial practices, it is important that the spinel formation mechanism according to steel transfer from primary converter such as AOD vessel to continuous caster including tundish and mold should be understood comprehensively. That is 'WHEN' and 'WHY' spinel formed in a unit process. Recently, it was found by one of the authors that there are two different types of inclusions in stainless steel melts after ladle refining stage. 34, 35) From Fig. 21 , a conventional calcium silicate slag-type inclusion that is already reported by several researchers is formed in a molten steel deoxidized by Si in an AOD converter and the content of MgO and Al 2 O 3 continuously increases during ladle refining stage. At last, the calcium silicate inclusion is transformed to magnesium aluminate system containing spinel crystals in tundish and mold.
© 2010 ISIJ Table 4 ) (a), high-Al, low-Ca (type 2 in Table  4 ) (b), and high-Al and Ca (type 3 in table 4) (c) FeSi alloy is used as deoxidant.
On the other hand, the manganese silicate inclusions are simultaneously found after tapping of the steel from the AOD converter to the ladle. These oxides are believed to originate from a reoxidation of molten steel during tapping process, because this type of inclusions is rarely found at stage of AOD converter. During tapping of molten steel, the glassy manganese silicates containing MnCr 2 O 4 are formed due to a reoxidation. However, the MnO and Cr 2 O 3 are continuously reduced by Si in the melts during ladle refining operation and consecutively reduced by Al, resulting in the alumina-rich aluminosilicate inclusions in tundish and mold. Consequently, the content of alumina in the inclusions increases and thus the large spinel crystals as shown in Fig. 6(b) are formed in cast products.
Injection of Fluorine-containing Flux
Even though the formation behaviour of slag-type inclusions containing spinel crystals in stainless steelmaking processes was studied as described earlier, the microscopic observation of solidification phenomena of slag-type oxides during slow cooling was newly approached. The most important factor affecting the crystallization of spinel is the content of alumina in the homogeneous liquid droplets at high temperatures. From the phase diagram of the CaO-SiO 2 -Al 2 O 3 -MgO quaternary system, the critical alumina content of the primary crystalline phase of spinel is 20 wt% approximately. [34] [35] [36] [37] Thus, it was recommended to control the content of alumina in the liquid inclusions less than about 20 wt% before solidification.
Recently, it was found by one of the authors that the addition of small amounts of fluorine into the CaO-SiO 2 -Al 2 O 3 -MgO inclusion system resulted in a significant decrease in the size of spinel crystals as well as resulted in very deformed and irregular shape of the spinel, even though the alumina content was greater than about 30 wt%. This was probably originated from the fact that nucleation rate of spinel would be larger than the crystal growth rate by addition of fluorine. 31, 33) The detail is documented in the original paper. Hence, the incorporation of fluorine into the liquid aluminosilicate inclusions by using F-containing fluxes could contribute to suppress the large spinel crystals as shown in Fig. 22 .
Use of Fluid Slag in Conjunction with Low Al 2 O 3 Content
Another fundamental issue is a dissolution (or absorption) phenomenon of spinel inclusion to the top slag, which was proposed as a rate determining step for the inclusion removal process from molten steel to slag phase. 81) The total dissolution time of MgAl 2 O 4 inclusion particle into the CaO-SiO 2 -21wt%Al 2 O 3 slag (C/Sϭ0.9) was almost identical to that of MgO inclusion (approximately 200 s for a 150 mm diameter at 1 773 K), which was measured by employing the confocal scanning laser microscope (CSLM). 81, 82) This phenomenon was explained by the formation of MgAl 2 O 4 reaction layer on the surface of MgO particle during dissolution. [81] [82] [83] [84] The total dissolution time (t) of inclusion particles are strongly dependent on the ratio of viscosity (h) to concentration difference of dissolving species between the particle and the slag (DC) based on the boundary layer diffusion mechanism. This can be expressed as Eq. (23) (23) where r is the particle density and DC is the driving force for the dissolution. In case of spinel particle, the driving force was related to the 'D(wt% Al 2 O 3 )' assuming that this is the slower diffusing species involved in the dissolution process. Therefore, the slag composition of which viscosity and alumina content are as low as possible is recommended for the best dissolution of spinel and alumina inclusions.
Concluding Remarks
Spinel inclusions, especially singular particles, are formed in the region where MgO · Al 2 O 3 is able to stably exist as can be seen in Figs. 8 and 11 . Basic ideas to avoid spinel inclusions are to control Mg and Al contents in molten steel other than this region. Therefore, industrial engineers usually tend to control Mg and Al contents to the region where both elements are lower than spinel stability region to have liquid silicate type inclusions. The addition of small amounts Ca is also effective. Some carry out alternative control to the region where Mg content is higher to have MgO inclusions. When the steels are killed by Al, a decrease in silica content in slag is the major way. This is thermodynamically attributed to the behaviour that silica acts as an oxide oxidizing Al and Mg to retard the further increase of Mg content by which MgO inclusions can stably form. This countermeasure is conducted along with a moderate increase in Al content in steel. This action stabilizes calcium aluminate inclusions in the steels. Some investigators tell us that it is effective to decrease C/S ratio in the slag. This control may bring us the condition where alumina inclusions tend to form instead of spinel. As it is well known, alumina tends to form cluster in the molten steels. Therefore one should be careful if this action is taken because another problem associated with alumina inclusions may arise.
In the case of Si deoxidation, on the other hand, most actions result in the formation of silicate type inclusions with lower melting temperatures. Lowering MgO and Al 2 O 3 in the slag is considered as the substantial way because the most influential oxides are eliminated. It is possible to decrease the latter if one replaces the refractory containing alumina to magnesia base. However, lowering MgO content is very difficult in practice due to the common use of basic slag with higher C/S ratio around 2 which significantly corrodes lining of AOD and ladles. Magnesia based linings are usually recognized to have the most excellent corrosion resistance. Lowering Mg and Al contents in the steel is based on the same idea. A decrease of C/S ratio leads to a decrease in activity of MgO in the slag phase. This retards the reaction expressed as Eq. (1) to prevent the significant pick-up in Mg content in the steel. As well, it has been reported that an increase in alumina content in silicate inclusions is suppressed by this action. However, this action has negative effect of weakening desulphurisation ability of the slag as pointed out by some researchers. Ferrosilicon alloys as deoxidant have impurities such as Al and Ca in order of 0.3 to 1.5 wt% depending on the grade. There are some reports that Al in the alloys significantly affects the inclusion compositions and enhances the formation of spinel inclusions. Thus the selection of the alloy grade with lower Al content is effective for the prevention of spinel inclusions. However, such grades are of course more costly than common grades. Therefore, depending on the application of the steels, one should select it. The same idea is the use of Al-free ferroalloys.
Melt reoxidation can also attribute to the formation of Al 2 O 3 -rich inclusions in the melt. Thus, protection of molten steel from reoxidation in conjunction with low level of Al could be stressed. Even though it is not practically tested yet, the injection of F-containing flux into the molten steel could deform the spinel crystals precipitated in slagtype inclusions, resulting in a decrease in the size of spinel crystals even at high content of Al 2 O 3 greater than about 30 wt% in the inclusions.
